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(57) A method of equalizing the channels of a WDM 
link comprises identifying an error threshold level BER. 
Fai , for the BER defined for each signal S(j) in accord- 
ance with the channel rate, and determining the atten- 
uation A(j) of, for example, the power P(j) of each signal 
S(j) transmitted over the WDM link. The transmitter pow- 
ers are adjusted taking intoaccount the attenuations de- 
termined for all channels. The attenuation A(j) for chan- 
nel (j) is determined by first setting the power P(j) of all 



signals S(j) to a maximum P Max , attenuating the power 
P(j) of channel (j) until the BER reaches the threshold 
value BER Fajj , measuring the power corresponding to 
the BER Faj , for that channel, and calculating the differ- 
ence between the P Max and P(j)p a ii- The transmitter 
powers are then set according to the relationship P(j) 
= P Max"n ( A (j)- A M«n)> where 1 ' s 0 8 f° r a system with 3-4 
channels. The method may be used for multi-channel 
systems with intermediate nodes where channels are 
added and dropped. 
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Description 

BACKGROUND OF THE INVENTION 

Field of the Invention 

[0001 ] The invention is directed to multi-channel com- 
munication systems and in particular to methods for 
equalizing WDM systems. 

Background Art 

[0002] High capacity optical transmission networks, 
such as those defined by the SONET/SDH standards, 
can use wavelength-division multiplexing (WDM) to in- 
crease the information carrying capacity of the optical 
fiber. In optical WDM systems, a plurality of optical sig- 
nals, each at a different wavelength, are transmitted 
over a single optical fiber. The transmitter terminal con- 
sists of a like plurality of optical transmitters, typically 
semiconductor lasers, and an optical wavelength multi- 
plexer, which combines all optical signals into a multi- 
channel signal before it is launched over the optical fiber. 
Each transmitter operates at a different wavelengths 
and is modulated with a different data signal, either by 
directly modulating the laser or by external optical mod- 
ulation. 

[0003] At the receiver terminal, an optical wavelength 
demultiplexer separates the light received over the fiber 
according to the wavelength. The signal transmitted on 
each wavelength is then detected by a respective optical 
receiver. 

[0004] The WDM system reach, or the distance be- 
tween the transmitter and receiver sites, is limited by the 
attenuation or dispersion of the signal along the optical 
fiber. The reach can be increased by placing optical am- 
plifiers at intermediate points between the terminals. Ex- 
amples of optical amplifiers are semiconductor optical 
amplifiers, and rare earth doped fiber amplifiers. Optical 
amplifiers simultaneously amplify all optical signals 
passing through it, i.e. the multi-channel signal, by am- 
plifying the optical power by a gain. 
[0005] Unfortunately, optical amplifiers exhibit a 
wavelength-dependent gain profile., noise profile, and 
saturation characteristics. Hence, each optical signal 
experiences a different gain abng the transmission 
path. The amplifiers also add noise to the signal, typi- 
cally in the form of amplified spontaneous emission 
(ASE), so that the optical signal-to-noise ratio (OSNR) 
decreases at each amplifier site. The OSNR is defined 
as the ratio of the signal power to the noise power in a 
reference optical bandwidth. 

[0006] Furthermore, the optical signals in the co-prop- 
agating channels have different initial waveform distor- 
tions and undergo different additional distortions during 
propagation along the fiber. As a result, the signals have 
different power levels, OSNRs, and degrees of distor- 
tion when they arrive at the respective receivers, if they 



had equal power levels at the corresponding transmit- 
ters. 

[0007] WDM networks, and particularly SONET/SDH 
WDM networks, are widely spread and the custom de- 

s mand for these networks is growing fast. They provide 
faster bit rates, and are more flexible in terms of the 
bandwidth per channel and complexity than the previ- 
ous single-channel systems. Network providers are 
looking for features such as user-friendly installation, 

10 operation and maintenance, and thus, an equalization 
procedure that is simple and reliable will greatly simplify 
the set-up and hence reduce the maintenance costs of 
the communication system. 

[0008] It has been shown that the OSNRs at the out- 
is put of an amplified WDM system can be equalized by 
adjusting the input optical power for all channels. For 
example, United States Patent No. 5,225 : 922 (Chraply- 
vy et al.), issued on July 6, 1993 to AT&T Bell Labora- 
tories, provides for measuring the output OSNRs direct- 
20 |y and then iteratively adjusting the input powers to 
achieve equal OSNRs. 

[0009] Figure 1 showsa block diagram of a four-chan- 
nel unidirectional wavelength division multiplexed 
(WDM) transmission link deployed between terminals 
25 11 and 17, using OSNR equalization according to the 
above identified patent. 

[0010] There are four unidirectional channels A^1)-X 
(4) illustrated on Figure 1 , carrying traffic in the direction 
West -to-East. A short discussion of this method follows 
30 for a better understanding of the present invention. Ter- 
minal 11 comprises transmitters T, to T 4 and terminal 
17 comprises receivers R-, to R 4 , connected over optical 
amplifiers 10, 20, 30, 40 and 50 and fiber spans 10', 20', 
30* and 40*. The optical amplifiers are arranged at a suit- 
es able distance from each other, typically 100 km, to com- 
pensate for the attenuation of the signal with the dis- 
tance. An optical amplifier amplifies all four signals, as 
it is well known. 

[001 1 ] The lasers of the transmitters T A to T 4 are mod- 
40 ulated with signals D 1 to D 4 , respectively, to produce op- 
tical signals St to S 4 . A multiplexer 13 at the site of ter- 
minal 11, combines optical signals S-,- S 4 into a multi- 
channel signal S, which is amplified in post-amplifier 10 
before being launched over the transmission link. At re- 
45 ception, the multi-channel signal is amplified by pre-am- 
plifier 50 and separated thereafter into signals Sy S' 4 
with demultiplexer 15. Each receiver at terminal ^con- 
verts the respective optical signal into an output electri- 
cal signal D\ - D 4 , corresponding to input signals D n to 
so D 4 . 

[0012] The US Patent No. 5,225,922 teaches estab- 
lishing a telemetry link between two terminals 1 1 and 1 7 
of a transmission network, for providing the measure- 
ments obtained at one terminal to the other. The patent 
55 indicates that the telemetry link may be provided with a 
control unit 5 (a microprocessor) that receives the meas- 
ured input powers of signals St to S 4 and the total output 
power or OSNR of multi-channel signal S, and adjusts 
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the input power accordingly. This method also takes into 
account the known relative values of the gain for each 
channel. However, the method disclosed in the above 
patent has three disadvantages: (1) it equalizes OSNR, 
which is only one parameter of several that affect the 
performance of an optical transmission system, (2) 
measuring the OSNR requires additional equipment, 
such as an optical spectrum analyzer, outside of the 
SONET/SDH standards, and (3) it cannot be used to 
equalize systems where channels with different wave- 
lengths carry traffic with different bit rates, since in such 
cases each channel has different OSNR requirements. 
[0013] Figure 1B shows the optical spectrum of a 
4-channel WDM system, showing how the power of the 
channels varies with the wavelength. 
[0014] As indicated above, in a typical WDM system 
the co-propagating channels do not have the same per- 
formance in terms of bit error rate (BER), because of 
different component losses, different transmitter and re- 
ceiver characteristics, different path distortions, and al- 
so because the gain and noise of optical amplifiers in 
the system are channel-dependent. The BER is the ratio 
between the number of erroneous bits counted at a site 
of interest over the total number of bits received. 
[001 S] There is a need for providing a method for 
equalizing WDM systems that is more accurate and eas- 
ier to implement than the current methods. 

SUMMARY OF THE INVENTION 

[001 6] It is a primary object of the invention to provide 
a method for equalizing the BER performance of a WDM 
system, that alleviates totally or in part the drawbacks 
of the prior art methods. 

[0017] It is another object of this invention to provide 
a method for equalizing a multi-channel communication 
system based on monitoring the BER values for all co- 
propagating channels. 

[0018] It is still another object of the invention to pro- 
vide a method for equalizing a WDM system that cor- 
rects the performance differences of the network ele- 
ments without special instrumentation nor physical ac- 
cess to remote terminal sites. 

[0019] Still another object of the invention is to deter- 
mine the margins to the failure point of all channels, re- 
gardless of their bit rates, which is an important param- 
eter for the customer when deploying the network. 
[0020] Accordingly, there is provided a method for 
equalizing the performance of (J) transmission channels 
of a WDM link connecting a first terminal and a second 
terminal, comprising the steps of, (a) identifying an error 
threshold level E(j) Faj | of an error count indicator E(j) for 
a signal S(j), the E(j) characterizing the distortion of the 
signal S(j) between the first and the second terminal, (b) 
determining an attenuation A(j) of a parameter of inter- 
est P(j) of the signal S(j) between the first and the sec- 
ond terminal, (c) repeating steps (a) to (b) for all the J 
channels of the WDM system, (d) at the first terminal, 
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adjusting the parameter P(j) according to all the attenu- 
ations A(j), and (e) repeating step (d) for all the signals 
S(j) for obtaining substantially equal values of the pa- 
rameter for all the J signals at the second terminal. 

s [0021] Further, there is provided a method for equal- 
izing a plurality of (J) signals S(j), travelling on a WDM 
link between a first terminal and a second terminal com- 
prising the steps of, for each channel >.(j) of the WDM 
link, measuring a distance to failure A(j) for a parameter 

10 P(j) of a signal S(j) travelling, on the channel ?w(j), and 
adjusting the parameter P(j) at the first terminal for ob- 
taining equal distances to failure for all J channels. 
[0022] Advantageously, equalizing the BER value for 
all channels is preferable to equalization of any other 

15 parameter such as OSNR, in that the BER value ac- 
counts for all factors that affect the signal in both its elec- 
trical and optical states. The BER is the ratio between 
the number of erroneous bits counted at a site of interest 
over the total number of bits received, giving a measure 

20 of all errors introduced into a signal along an entire 
transmitter- receiver link. 

[0023] Furthermore, some systems (for example 
SONET/SDH) are specified in terms of the BER and 
therefore the BER value is available at reception. 

25 [0024] The method according to the invention per- 
forms field equalization to optimize a system in the field, 
and therefore a higher system margin is used than for 
equalization based on the average system parameters. 
[0025] In addition, the method of the present invention 

30 does not require necessarily simultaneous access to 
both the transmitter and receiver ends, but requires 
physical access to both, one or none of the terminal 
sites. The method could be automated by a software in- 
terfacing between the terminals. Requiring simultane- 

35 ous access to both terminal sites is disadvantageous, 
because it requires at least two persons communicating 
over long distances. 

[0026] As indicated above, OSNR alone does not ac- 
curately characterize the system performance. Thedeg- 

40 radation of a signal is, on the other hand, fully expressed 
by the BER (bit error rate), which by definition accounts 
for all above listed signal degradation factors. 
[0027] Furthermore, SONET/SDH systems are typi- 
cally guaranteed in terms of a minimum BER require- 

45 ment at the system end of life (EOL) and as such the 
BER measurement is generally available at any receiver 
site. To guarantee the EOL performance, there must be 
enough margin built in the system at the start of life 
(SOL), since many of the system parameters change in 

50 time or with environmental changes. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0028] The foregoing and other objects, features and 
55 advantages of the invention will be apparent from the 
following more particular description of the preferred 
embodiments, as illustrated in the appended drawings, 
where: 
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Figure 1 A is a block diagram showing a four-chan- 
nel amplified WDM system; 

Figure 1 B shows an example of the optical spec- 
trum of the WDM system; 

Figure 2A is a block diagram of an optical receiver 
provided with performance monitoring; 
Figure 2B is a block diagram of an optical transmit- 
ter; 

Figure 3 is a block diagram of an amplified two- 
channel system for equalization of the received 
power according to the invention; 
Figure 4 is a flow-chart showing the method of the 
invention for equalizing the system of Figure 3; 
Figure 5 is a flow-chart showing another method 
for equalizing a multi-channel WDM system; 
Figure 6 is a block diagram of an amplified two- 
channel system for determin ing the various margins 
according to the invention; 

Figure 7 shows a WDM system with multiple termi- 
nal sites, where equalization of the channels is per- 
formed automatically; 

Figures 8A, 8B and 8C are flow-charts showing 
methods for equalizing a multi-channel WDM sys- 
tem with multiple terminal sites. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

[0029] The present invention provides a method for 
equalization of a transmission link in terms of BER, 
which is a more accurate and easier solution than what 
prior art provides. Also, this invention provides for meas- 
urement of an optimum margin to failure for all the chan- 
nels at the system SOL. 

[0030] The invention is applicable to networks 
equipped with performance monitoring capabilities. 
More precisely, the method of the invention is applicable 
to modern WDM transmission systems, which are in 
general provided with means for measuring the system 
BER at various network elements of interest. 
[0031] The invention is described next using exam- 
ples of SONET/SDH WDM transmission systems, but it 
is to be understood that it may also be applied to other 
technologies. The BER of a SONET/SDH system can 
be measured using the standard feature of this systems 
called the performance monitor (PM). In the following, 
a block diagram of atypical receiver and a typical trans- 
mitter for the transmission systems to which this inven- 
tion pertains are provided for a better understanding of 
the invention. 

[0032] A block diagram of a typical receiver is shown 
in Figure 2A. An optical receiver generally comprises an 
optical-to-electrical converter 2, that could be an ava- 
lanche photodiodc (APD), or a high performance PIN 
photodiode. A data regenerator and clock recovery 
block 3 extracts the information from the converted sig- 
nal, based on a threshold level V Th . The threshold is se- 
lected such as to provide the best error rate for a pre- 
determined signal power level. For example, the levels 



over V Th are interpreted by the receiver as logic ""Ts, 
while those under, as logic "(V's. The errors in regener- 
ated data D/ namely the BER value, are counted using 
an error detector 4 
5 [0033] It is known to generate a control code at the 
transmission site which is then transmitted with the in- 
formation along the communication link. Error detection 
is based in general on comparison between the trans- 
mitted and the received control code. 
10 [0034] For example, the error detection in SONET/ 
SDH determines the BER of the respective signal based 
on the information in the B1 and B2 fields of the transport 
overhead of the SONET/SDH frame, as well as field B3 
of the path overhead for the respective section, line and 
path. 

[0035] The threshold level V Th applied to data regen- 
erator 3 may be adjusted with a controller 6, so as to 
obtain BER values under a provisioned value of the re- 
spective system. The error count and control data are 
input to a performance monitor 7, connected to some or 
all remote elements of the network over a bus 60. 
[0036] As the requirement for essentially error free 
operation for fiber systems became more stringent, so- 
phisticated performance monitors are provided at the re- 
ceiver site, which perform optimization routines for low- 
ering the BER of the recovered signal. 
[0037] Current transmitters are also able to monitor 
performance, as shown in the block diagram of Figure 
2B. A transmitter, e.g. T 1 comprises a CW (continuous 
wave) laser 12, which is fed into the external modulator 
8 and is modulated with e.g. a signal D v to provide the 
optical signal S v Before transmission, this signal is am- 
plified in an EDFA (erbium doped fiber amplifier) 32, 
which is provided with a pump laser 42 of a controlled 
power and wavelength. The input, output and backplane 
power of laser 42 are measured by diverting a fraction 
(approximately 3%) of the optical signal with taps 31, 
33, and 34, respectively, and converting the respective 
fraction into a corresponding electrical signal with O/E 
converters 35, 36 and 37. The measurements are proc- 
essed by a transmission controller 9, which in turn ad- 
justs the pump laser 42 and the external modulator 8, 
and communicates with the performance monitor 7 and 
other remote elements of the network over bus 60. 
[0038] In this way, the SONET/SDH performance 
monitor allows the user to remotely measure the chan- 
nel performance anywhere in the network. 
[0039] The equalization of the channels according to 
the invention is based on equalizing the BER values 
measured in a point of interest of the transmission link, 
so that it accounts for all factors affecting the system 
performance. Since bit errors occur at random times, a 
minimum number of errors, e.g. 10, is required to esti- 
mate the BER for a respective transmission channel 
within an acceptable confidence level. For example, if 
the testing interval is chosen to be 1 minute and the bit 
rate is 2 5 Gb/s, then 15 errors/ minute corresponds to 
a BER of 10" 10 . In general, the network owner prepares 
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BER-Power curves for all channels at installation, so 
that these curves are also available for equalization pur- 
poses. 

[0040] To accelerate the procedure, equalization is 
preferably done at a high BER. Since it is difficult to ad- 
just the system parameters to obtain an exact value for 
the BER, the failure rate is defined within an order of 
magnitude for the BER. For example, the point of failure 
for a channel is defined herein when between 2 and 1 50 
errors are counted in a minute, which corresponds to a 
BER range from 1 .33 x 10 11 to 10" 9 for a 2.5Gb/s sys- 
tem. It is to be noted that the definition of failure point 
for the equalization procedure is different from the guar- 
anteed minimum BER requirement of the system in op- 
eration. 

[0041] The method according to the invention is next 
described for the two-channel system of Figure 3 with 
regard to the flowchart of Figure 4. 
[0042] Figure 3 illustrates a two-channel unidirection- 
al amplified transmission link connecting transmitters T-, 
and T 2 at terminal 11, with receivers R 1 and R 2 at ter- 
minal 17; however, the invention equally applies to bi- 
directional systems with more than two channels. 
[0043] The link includes fiber spans 10', 20*. 30* and 
40* connecting optical amplifiers 10 : 20, 30, 40, and 50 
for amplifying channels and \(2). We note in the 
following the optical power output by transmitter T, on 
channel X(1 ) with P(1 ) T , the loss introduced by span 20' 
to signal travelling on channel with L(1) s , the 
power of signal S t at the output of amplifier 20 with P 
(1) A , and the power at the input of receiver R 1 with P 

(1) R . BER(1) is the bit error rate measured after detec- 
tion of the signal at the output of receiver R v while BER 

(2) is the bit error rate measured after detection of the 
signal at the output of receiver R 2 . Individual notations 
are used for BER(1) and BER(2) for distinguishing the 
channels in the process of describing the equalization 
method of the invention. 

[0044] Same definitions apply to elements and pa- 
rameters for channel X(2), or to any other channels that 
a transmission system under consideration may have. 
[0045] In this specification, the received power margin 
of a channel is the amount that the received power can 
be reduced until the channel fails. The transmitter power 
margin of a channel is the amount that the transmitter 
power of a channel can be reduced until the channel 
fails. Similarly, the amplifier power margin of a channel 
is the amount lhat the output power P(j) A of one or more 
of the amplifiers can be reduced until the channel fails, 
and the span margin of a channel is the amount of loss 
L(j) s that can be added to one or more of the fiber spans 
until the channel fails, where (j) is the range of the chan- 
nel between 1 and J, the total number of channels of the 
WDM system. 

[0046] In the embodiment of Figure 3, the equalization 
is performed manually at the transmitter site 11 , based 
on a the BER curves prepared at installation, that predict 
how BER varies with the power input to the link. Alter- 



natively, the actual readings of the BER(1) and BER(2) 
may be used, if the network is provided with a commu- 
nication channel between the transmitter site 11 and the 
receiver site 17. 

s [0047] For example, the communication between the 
sites may take place along a bidirectional service chan- 
nel illustrated in Figure 3 by dotted line 22. A network 
monitoring unit may be connected over this channel for 
processing the information received from terminals 11 

10 and 17, or for any other network elements of interest in 
the respective link. 

[0048] Figure 4 shows a flow-chart of the method of 
the invention for equalizing the system of Figure 3. First, 
the link is installed/ commissioned to work in the current 

15 operating point, without equalization, as shown in step 
100. We note the range of a channel with (j) and the total 
number of channels with (J). In the example of Figure 3 
J=2 and (j) takes the values 1 and 2. 
[0049] In step 105, a BER failing point is defined for 

20 all channels, corresponding to a BER that is denoted 
with BER Fail . As indicated above, for example, the failing 
point of a channel is defined by a range of BER values 
or a fixed value of at about BER Fai | = 10 -9 . The chosen 
failure point depends on the bit rate and system require- 

2S ments. 

[0050] The transmitter-receiver pairs are identified, 
from the transmitter site, namely it is identified which 
transmitter and receiver communicate along a channel; 
T 1 and R 1 operate on the frequency of channel X(1 ), and 
30 T 2 and R 2 operate on the frequency of channel X(2). This 
is illustrated in step 110. 

[0051] Then, the output power of both transmitters is 
set at maximum, P Max : which is the maximum power of 
the weakest channel. The maximum value Pm 3 x or ^Max 

35 js measured and recorded, as shown in step 115. 

[0052] With one channel at the maximum power e.g. 
with transmitter T 2 transmitting at P^ax- tne power of the 
first transmitter T-, is lowered until the first channel fails, 
as shown in step 125 for j=1. This measurement takes 

40 place under operating conditions of the link, and as such 
it accounts for the rate of transmission and other param- 
eters of the respective channel. The value of the power 
for which the channel failed is denoted with P(1) Fa ii- 
[0053] An added attenuation A(1) is determined in 

45 terms of the power level in step 130. A(1) is calculated 
as: 

A(1)=P Max -P(D Fail 0) 

50 

[0054] Then, in step 1 35, the power of T 1 is increased 
back to P Max . 

[0055] This measurement is repeated for T 2 in steps 
125 - 145. Again : P(T 2 ) is reduced until BER(2) Fai , is ob- 
55 tained at the receiver R 2 . An added attenuation A(2) is 
determined from the measured P(2) Faj , and P Max ac- 
cording to the relation: 
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A (2) = P M ax-P(2)pail (2) 

and the power of T 2 is increased back to P^ax ' n 
step 135. It the system has more than two channels, i. 
e. j>2. steps 125-145 are repeated for each channel (j) 
and the respective attenuation is determined and re- 
corded. 

[0056] Attenuations A(1 ) and A(2) are used to deter- 
mine the optimum transmitter bias level of all channels, 
i.e. to select the operation point of the transmitter, shown 
in steps 150 to 170 for the example of Figure 3. A(1), in 
dB, is the added attenuation required to fail channel X 
(1), and A(2), indB, is the added attenuation to fail chan- 
nel X(2). The stronger channel can now be identified, as 
shown in steps 150 and 160 to determine the required 
bias for the transmitters. The power of the transmitter of 
the weak channel is then set to the maximum, and the 
power in the stronger channel is adjusted so that the 
difference between the output powers of the two trans- 
mitters equals the required power difference. 
[0057] More precisely, the system should be biased 
as follows: 

[0058] If A(1 ) > A(2), then the channel X(A ) should be 
attenuated by: 

(A(1)-A(2))/2(indB) (3) 

and the channel X(2) set at full power, as shown 
in steps 150 and 155. 

[0059] If A(1 ) < A(2), then the channel X(1 ) should be 
set at full power and the channel X(2) should be atten- 
uated by: 

(A(2)-A(1))/2(indB), (4) 

as shown at 160 and 165. For example, if channel 
X(1 ) requires 10 dB attenuation to fail, and channel X(2) 
requires 6 dB attenuation to fail, then 2 dB attenuation 
on channel X(i) should be used during operation. 
[0060] Step 170 accounts for the case when the two 
attenuations are equal. 

[0061] Figure 5 shows an alternative equalization 
method based on BER for a WDM system with J (J>2) 
optical channels propagating in the same direction, 
called herein the extrapolation method, as shown for ex- 
ample in Figure 7 for four channels. The required output 
power for a channel (j), where j e [1 , J] could be deter- 
mined using the relation: 

P(j) T = P Max - 1 (AO) -A Min ) (5) 

where the distance to failure A(j) of channel (j) is 
calculated as in Eq(1) and Eq(2), namely A(j) = P Max - 



P(j) Faj[ , where P Max is the maximum output power of 
transmitter Tj, P(j) Fa ii is tne transmit output power of 
channel (j) at which the BER reaches the predefined 
BER Fai | value. A Min in Eq. (5) is the minimum of AG), and 
s n is a coefficient depending on the number of channels. 
For example, the optimal value for this coefficient, for a 
3 or 4 X system is r|=0.8. 

[0062] To implement this extrapolation method, the 
following steps are performed, as illustrated in Figure 5. 

10 [0063] As in the case shown in Figure 4, the transmis- 
sion link is installed/commissioned in step 100, Tj - Rj 
pairs are identified in step 105. and the BER for each 
channel in the failure point is identified, which depends 
on the receiver. For example, different values are pro- 

1$ vided for the receiver of a OC-192 channel than for a 
receiver for a OC-48 channel. This is shown in step 110. 
[0064] Thereafter, all transmitters are set to a maxi- 
mum output power in step 115. 

[0065] Next, the distance to failure in terms of atten- 

20 uation for all (J) channels is determined in steps 180 - 
205. When the system is provided with an external mon- 
itoring network, such as is service channel 22 and mon- 
itoring unit 24, the power monitors screens of receivers 
Rj may be brought-up at terminal 11 site for reading the 

25 power values for all channels. The output power is re- 
duced for the first transmitter until this channel fails, i.e. 
a BER Fai , of 10' 8 - 10' 9 is reached at the output of R,. It 
is to be noted that the value of BER Fai , has been select- 
ed in the above range as an example only, other targets 

30 may be used in a similar way. This is illustrated by step 
185 for channel X(\). After the P(j)jr ai | is recorded, the 
output power of Tj is reset to P Max , as shown in step 1 90. 
[0066] Monitoring unit 24 determines the distance to 
failure A(j) for channel (1 ) according to Eq(1 ) in step 195. 

35 Steps 185 to 195 are repeated for all (J) channels, as 
shown by 200 and 205. 

[0067] When all distances to failure are available, the 
minimum A(j) is determined in step 210 and denoted 
with A Mjn . Equalization of channels is next performed by 

40 adjusting the output power of all transmitters according 
to Eq. (5), as shown by step 220. Step 220 is repeated 
for all J channels, as shown at 225 and 230. Ir? steps 
240 decision is made if the channels should be further 
equalized (fine tuning) or not. Thus, for tine tuning, steps 

45 185 to 240 are repeated with the powers found in step 
220, as indicated in box 235. 

[0068] Figure 6 illustrates an example of a network 
provided with an external monitoring network. In the ex- 
ample of Figure 6, the external monitoring network com- 

50 prises a service channel 22 and a monitoring unit 24, 
but the external monitoring may be effected in any other 
way. It is also to be understood that service channel 22 
can be carried through the same fiber with the user traf- 
fic, or may be a separate communication network. 

55 [0069] The equalization for the link between transmit- 
ter terminal 1 1 and receiver terminal 1 7 is performed au- 
tomatically, in that the BER measured in the failing point 
of the channels and the powers of the transmitters are 
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processed by monitoring unit 24 which calculates the 
attenuations A(1 ) or A(2) and adjusts the operating point 
of transmitters and T 2 accordingly. The service chan- 
nel 22 conveys the measured BERs to unit 24 processor 
that calculates the power margins and performs the re- 
quired adjustments of the power for each transmitter. 
[0070] In an optically amplified system as shown in 
Figure 6, the power margin in a point of interest may be 
measured using attenuators. As well, attenuators may 
be used for the case when the WDM system is equipped 
with fixed power transmitters. 

[0071] For measuring the received power margin of 
the entire transmission link between terminals 11 and 
17, a variable-optical-attenuator (VOA)21 is connected 
just before demultiplexer 1 5. The attenuation of the VOA 
21 tor channel X.(1 ) is increased until the BER(1 ) reach- 
es the failure condition denoted with BER Fajl . The trans- 
mitter powers are adjusted until all channels fail at the 
same VOA attenuation, in which case all channels will 
have the same power margin. 

[0072] Similarly, amplifier power margin can be meas- 
ured by monitoring the BER at the output of a channel 
as the power of one or more amplifiers is reduced. The 
span margin can be measured by inserting a VOA into 
one or more spans. 

[0073] The transmitter power margin can be meas- 
ured by setting all transmit output powers at maximum, 
then reducing the powers, one channel at a time until 
that channel fails. The measured distance to failure, in 
terms of attenuation or power level, is then used to se- 
lect the biasing levels for the transmitters. 
[0074] The various margins are very useful in that 
they give the network owner a good measure of how 
much more equipment/fiber can be added to the link, or 
how the link may be reconfigured or upgraded. The 
presence of the external monitoring network simplifies 
the adjustment, in that all power values measured for 
the system and the corresponding BERs may be collect- 
ed in the point of interest, and also, the adjustment of 
any network element may be effected remotely by the 
monitoring unit 24 based on the data collected from the 
elements of the link. 

[0075] The transmitter power adjustment may be 
done manually or automatically, using a model that pre- 
dicts how the BER varies with the input power, while in- 
corporating other relevant system constraints. With a 
control feedback loop through monitoring unit 24, the 
transmitter power margins of the co-propagating chan- 
nels can be equalized automatically, as the measure- 
ments can be effected by the power monitor. 
[0076] In case of more channels, the BER of all the 
channels can be equalized by adjusting the transmitted 
powers of the various channels taking into account the 
transmitter dynamic ranges, the system input power dy- 
namic range, and the measured margins to failure. The 
margins for the new values of input powers can be re- 
measured and the input powers can be iteratively ad- 
justed to obtain a more accurate bias point. For most 
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cases, adequate equalization can be obtained by going 
through only one or two iterations. 
[0077] Figure 7 depicts a schematic diagram of a typ- 
ical WDM transmission link with multiple terminals. An 

5 Add/Drop multiplexer (ADM) 65 drops signal S/ travel- 
ling on channel X(1 ) from the multi-channel signal S. Re- 
ceiver Rt is located at the site of ADM 65 in this example. 
A fifth signal, S 5 , which has the same band as signal , 
is added on channel to multi-channel signal S, and 

10 transmitted from ADM 65 to terminal 17 where it is de- 
tected by a receiver R 5 . 

[0078] Equalization of a network as shown in Figure 
7 or a network with any number of channels to be 
dropped/added at the ADM site may be performed using 
is the principle illustrated in Figure 5 and disclosed in the 
accompanying text. 

[0079] A first way of equalizing performance of this 
network is shown in Figure 8A. After the network is in- 
stalled/commissioned, as shown in step 100, ail (K) 

20 channels to be dropped at the ADM 65 site, here desig- 
nated with (k), are connected through the ADM coupler 
so as to by-pass the ADM. More precisely, the drop port 
and the add port of the coupler are connected using a 
short patch-cord for each of the channels to be dropped, 

25 so that the channels travel all the way from terminal 11 
to terminal 17. In the example of Figure 7, channel St 
dropped at ADM 65 is rather connected to by-pass the 
ADM to arrive at terminal 17. This is shown in step 300. 
[0080] Steps 302 and 305 indicate that the procedure 

30 marked in Figure 5 with A, performed for equalizing the 
performance of J end-to-end channels (four in this ex- 
ample) are now carried for signals S 1 -S 4 transmitted by 
terminal 11. 

[0081] Next, ADM 65 is reconnected so that the K 
35 drop channels end at that site, as shown in step 310. In 
the example of Figure 7, channel S! is reconnected to 
the drop port of ADM 65. 

[0082] The power of each drop channels (k) is meas- 
ured in step 320, and the channel is added back at the 

40 ADM site, with the transmit power equal to the received 
power, step 325. Steps 320 and 325 are repeated for all 
dropped channels, as shown at 315-335. In the present 
case, the power of added signal S 5 transmitted over 
channel ^ is adjusted to be equal to the power of signal 

45 measured at the ADM site. 

[0083] Figure 8B shows another variant of how the 
system of Figure 7 can be equalized. In this variant, op- 
tical paths (a), (b) and (c) shown on this figure are con- 
sidered namely: path (a), includes M channels directly 

50 connecting terminal 11 with terminal 17, passing 
through ADM 65; path (b) includes K channels connect- 
ing terminal 11 with ADM 65, and dropped at the ADM 
site; and path (c) includes K channels added at ADM 65, 
between ADM site and terminal 17. In this example, the 

55 number of channels dropped and added as equal. 

[0084] This method employs again the procedure in 
Figure 5 for optical path (a) and (b) with the channels 
dropped/added at the ADM site. Figure 8B shows step 
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100, whereby the link between terminals 11 and 17 is 
installed/commissioned, followed by equalization of all 
M direct (end-to-end) channels on link (a), as shown in 
steps 400 and 405. In steps 410 and 415 channels K 
dropped at ADM 65 are equalized using the same pro- 
cedure as in Figure 5. Then, the power of each of the K 
received (dropped) channels is measured at the ADM 
site, as shown in step 425. 

[0085] Finally, at the ADM site, the transmit power of 
each added channel P(k) a is set equal to the power of 
the corresponding dropped channel P(k) d , shown in 
step 425. 

[0086] Another method of equalization of perform- 
ance for the link of Figure 7 is disclosed next in connec- 
tion with Figure 8C. The procedure in Figure 5 is applied 
to optical paths (a), for all M direct channels between 
terminals 11 and 17, in steps 500 - 505, then to path (b) 
including all K dropped channels, in steps 510-515 and 
then to path (c) including all K added channels, in steps 
520-525, by considering the channels added back to the 
link through the ADM coupler as extra channels when 
using Eq(5). 

[0087] To equalize a WDM network with multiple 
transmitter and receiver terminals, external monitoring 
network iterates the steps above until the powers of all 
channels converge to within predetermined guidelines. 
Since one or more channels may be operating error-free 
before equalization, the performance of these channels 
is degraded during equalization to measure the received 
power margin, transmitted power margin, amplifier pow- 
er margin, or span margin. 

[0088] The method may be used for network with 
channels of different bit rates. Monitoring unit 24 equal- 
izes the BER at the receivers by adjusting the transmit- 
ter powers, either by reducing the power of the strongest 
transmitter, or by increasing the power of the weaker 
transmitters. 

[0089] It is recommendable to carry out the equaliza- 
tion procedure when a new multi-channel system is in- 
itially set up or upgraded to more channels. The method 
ensures that channels within each transmission band 
are matched in terms of BER performance This proce- 
dure is particularly suited for transmitters having adjust- 
able output power, but can be also used for fixed power 
transmitters, by using VOAs to adjust the transmitter 
powers. 

[0090] For a multi-channel system, it is possible that 
one or more channels operate before equalization at a 
BER higher than the specified BER Faij . This happens 
because the ripple and gain tilt introduced by optical am- 
plifiers in the path of the optical signal vary with the 
wavelength. There are two ways to approach this prob- 
lem. A first solution is to redefine the failure point and 
continue with the method described above. As indicated 
above, failure point is a user pre-defined point, so that 
a higher BER value may be selected for defining the fail- 
ing point, to operate all channels above it. Another so- 
lution is to attenuate the transmitter output power of all 



other channels, which are initially running at a BER low- 
er than the failure point. In this way, the performance of 
the failed channel(s) is brought back in the vicinity of the 
failure point. The output power of these transmitters is 
5 then used as the initial setting. 

[0091] Another way to define failure of a channel is to 
use a loss-of signal (LOS) or signal-degradation (SD) 
alarms at the receiver. This alternative method has the 
advantage that the LOS or SD alarm are raised auto- 
matically and immediately, so it gives a faster measure 
of the channel failure point. On the other hand, this sec- 
ond alternative has some drawbacks, such as: (1) the 
equalization would be performed with the channels 
functioning away from the operating point so that the re- 
sults are less accurate, (2) it requires a larger transmitter 
power dynamic range to reach the failure point, and (3) 
the LOS or SD alarm are not as accurate a measure of 
system performance as is the BER. 
[0092] While the invention has been described with 
reference to particular example embodiments; further 
modifications and improvements which will occur to 
those skilled in the art, may be made within the purview 
of the appended claims, without departing from the 
scope of the invention in its broader aspect. 



Claims 

1. A method for equalizing the performance of (J) 
30 transmission channels of a WDM link connecting a 

first terminal and a second terminal, comprising the 
steps of: 

(a) identifying an error threshold level E(j) Faj| of 
3S an error count indicator E(j) for a signal S(j), 

said E(j) characterizing the distortion of said 
signal S(j) between said first and said second 
terminal; 

(b) determining an attenuation A(j) of a param- 
40 eter of interest P(j) of said signal S(j) between 

said first and said second terminal; 

(c) repeating steps (a) to (b) for all said J chan- 
nels of said WDM system; 

(d) at said first terminal, adjusting said param- 
45 eter P(j) according to all said attenuations A(j); 

and 

(e) repeating step (d) for all said signals S(j) for 
obtaining substantially equal values of said pa- 
rameter for all said J signals at said second ter- 

50 minal. 

2. A method as claimed in claim 1 , wherein said step 
(a) of identifying comprises identifying said thresh- 
old value E(j) Fai , on a model prepared for said WDM 

55 link at installation. 

3. A method as claimed in claim 2, wherein said E(j) Fai , 
is defined according to the rate of said signal S(j). 
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4. A method as claimed in any preceding claim , where- 
in said step (b) of determining comprises: 

determining a maximum P Max as the maximum 
power available at the weakest transmitter at 
said first terminal; 

at said first terminal, setting said parameter P 
(j) of said signal S(j) to a maximum, measuring 
and recording said maximum P Max ; 
monitoring said error count indicator E(j) meas- 
ured at said second terminal; 
at said first terminal, attenuating said parame- 
ter P(j) until said E(j) reaches said threshold 
value E(j) Fai , and measuring a failure value P 
(i)paii °* sa ' d parameter, corresponding to said 

E(j) Fa .l and 

determining said attenuation A(j) as the differ- 
ence between said P Max and P(j) FaM . 

5. A method as claimed in claim 4, wherein said step 
(b) fuithet comprises re-establishing said parame- 
ter of said signal S(j) to said maximum P^ax- 

6. A method as claimed in any preceding claim, where- 
in said step (d) of adjusting comprises, for J=2: 

determining a maximum attenuation of 
said attenuations A(1 ) and A(2); 
whenever said attenuation A(1) is higher than 
A(2), adjusting said parameter P(2) at said 
maximum P Max and adjusting said parameter P 

(1 ) to an operating value determined according 
to the relationship: P Max -(A(1 )-A(2))/2; and 
whenever said attenuation A(1 ) is less than A 

(2) , adjusting said parameter P(1) at said max- 
imum P Max and adjusting said parameter P(2) 
to an operating value determined according to 
the relationship P Max -(A(2)-A(1))/2. 

7. A method as claimed in claim 4, further comprising: 

connecting said first terminal with said second 
terminal over a control channel; and 
performing steps a) to e) at any of said first and 
second terminals. 

8. A method as claimed in claim 4, further comprising: 



10. A method as claimed in any preceding claim, where- 
in said error count indicator E(j) is one of the bit error 
rate (BER), a signal degrade (SD) and a loss of sig- 
nal (LOS) alarm, and said parameter of interest is 

5 power. 

11. A method as claimed any preceding claim, wherein 
said step (e) of adjusting comprises: 

10 (e1 ) determining a minimum attenuation A min 

of said J attenuations A(j); and 
(e2) adjusting said parameter P(j) according to 
said maximum P Max and said minimum attenu- 
ation A mjfV 

15 

12. A method as claimed in claim 11 , wherein said step 
(e2) of adjusting comprises: 

(e3) at said first terminal, setting said parame- 
20 ter P(j) according to the relationship P(j)=PMax~ 

n (A(j)-A Mjn ); 

(e4) at said second terminal, measuring said 
parameter P(j) and comparing same with a pro- 
visioned value; and 
25 repeating said steps (e3) and (e4) for all said J 

channels, 

where r\ is a coefficient depending on J. 

13. A method as claimed in claim 12, wherein said r| is 
30 0.8 for J=3 or J=4. 

14. A method as claimed in claim 13 further comprising 
repeating steps (b) to (e), whenever said parame- 
ters measured in step (e4) are different from said 

35 provisioned value. 

15. A method for equalizing a plurality of (J) signals S 
(j), travelling on a WDM link between a first terminal 
and a second terminal comprising the steps of: 

40 

for each channel of said WDM link, meas- 
uring a distance to failure A(j) for a parameter 
P(j) of a signal S(j) travelling on said channel X 
G); and 

45 adjusting said parameter P(j) at said first termi- 

nal for obtaining equal distances to failure for 
all J channels. 



connecting said first terminal with said second 
terminal over a control network provided with a $° 
network control unit; and 

performing steps a) to e) at any of said first ter- 
minal said second terminal and said network 
control unit. 

55 

9. A method as claimed in claim 1 , wherein said error 
count indicator E(j) is the bit error rate (BER), and 
said parameter of interest is power. 



16. A method as claimed in claim 14, wherein said step 
of measuring comprises: 

inserting an attenuator in a point of interest be- 
tween said first and said second terminal; and 
increasing the attenuation of said signal S(j) 
with said attenuator, until an error count indica- 
tor at said second terminal is higher than a pro- 
visioned threshold. 
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1 7. A method as claimed in claim 1 6, wherein said point 22. 
of interest is the input of said second terminal and 

said parameter is the power of said S(j) so as to 
equalize the power of all said signals SQ) at said 
second terminal. $ 

1 8. A method as claimed in claim 1 5 or claim 16, where- 
in said point of interest is the output of an optical 
amplifier connected in said WDM link, and said pa- 
rameter is the gain introduced by said amplifier on 10 
said signals S(j) at said second terminal. 

19. A method as claimed in any of claims 15 to 16, 
wherein said point of interest is a span of said WDM 
link and said parameter is the span loss for said sig- 
nals S(j) measured at said second terminal. 

20. A method for equalizing the performance of (J) 
transmission channels of a WDM link comprising a 
first terminal, a second terminal, and an add/drop 20 
multiplexer (ADM) provided between said first and 
second terminal for dropping and adding (K) chan- 
nels, comprising the steps of: 



A method for equalizing the performance of all 
transmission channels of a WDM link comprising a 
first terminal, a second terminal, and an add/drop 
multiplexer (ADM) provided between said first and 
second terminal for dropping and adding (K) chan- 
nels, comprising the steps of: 

for J direct channels between said first and said 
second terminal, equalizing said parameter P 
(j) according to claim 12 for said WDM trans- 
mission link between said first terminal and said 
second terminal; 

for K channels dropped at said ADM , equalizing 
said parameter P(k) according to claim 11 for a 
section of said WDM transmission link com- 
prised between said first terminal and said 
ADM; 

for M channels added at said ADM, equalizing 
said parameter P(m) according to claim 12 for 
a section of said WDM link comprised between 
said ADM and said second terminal. 



by-passing said ADM and directly connecting 25 
all said J channels form said first to said second 
terminal; 

equalizing said parameter P(j) according to 
claim 12; 

reconnecting said ADM; 30 
measuring said parameter for all K signals S(k) 
dropped at said ADM and recording for each 
channel X(k) a drop value P(k) d ; and 
adjusting said parameter of each signal S(k) 
added at said ADM to an add value P(k) a sub- 35 
stantially equal to a respective drop value P(k) d . 



21. A method for equalizing the performance of (M) 
transmission channels of a WDM link comprising a 
first terminal, a second terminal, and an add/drop *o 
multiplexer (ADM) provided between said first and 
second terminal for dropping and addih'g (K) chan- 
nels, comprising the steps of: 



for J direct channels between said first and said 4 $ 
second terminal, equalizing said parameter P 
(j) according to claim 1 2; 
for K channels dropped at said ADM, equalizing 
said parameter P(k) according to claim 1 2 for a 
section of said WDM transmission link com- so 
prised between said first terminal and said 
ADM; 

measuring said parameter for all K signals S(k) 
dropped at said ADM and recording for each 
channel X(k) a drop value P(k) d ; and ss 
adjusting said parameter of each signal S(k) 
added at said ADM to an add value P(k) a cor- 
responding to a respective drop value P(k) d . 
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FIGURE 8A 
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(54) Methods for equalizing WDM systems 

(57) A method of equalizing the channels of a WDM 
link comprises identifying an error threshold level 
BER Fa i| for the BER defined for each signal SQ) in 
accordance with the channel rate, and determining the 
attenuation A(j) of, for example, the power PG) of each 
signal S(j) transmitted over the WDM link. The 
transmitter powers are adjusted taking into account the 
attenuations determined for all channels. The 
attenuation A(j) for channel (j) «s determined by first 
setting the power P(j) of all signals SG) to a maximum 
P Max , attenuating the power PG) of channel G) until the 
BER reaches the threshold value BER Fajl , measuring 
the power corresponding to the BER Faj , for that channel, 
and calculating the difference between the P Max and P 
G) Fai |. The transmitter powers are then set according to 
the relationship PQ)=P Max -r\ (AGWW). where r\ is 0.8 
for a system with 3-4 channels. The method may be 
used for multi-channel systems with intermediate nodes 
where channels are added and dropped. 
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